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ANTI —S FOKFS K~t IS~ I ~N AS A V UV A NI ~;t)l: F X — R A Y

• S .  E . Harris , .1 . Lukas 1k , i .  F .  Young ,  an d 1.. i .  ?.y ch
Edward L . G in a t o n  t..tt .or.et t ’ Fv

S t a n f o r d  U n i v e r s i t y
S t a n for d , C a ll  t or n i a  ~~

A VUV and so f t  x — ray 11 gh t s ot i rce ’ t iased on spont aneous z int I —

Stok es  sca t te r ing  I torn atomic poptt lat ion stored iI~ a int’t a —

stab le I eve 1 is desc r I bed . Un I que propi ’ rt I es o I tli is source’
I n c l u d e : narrow 1 inew idth , t u n a b i  l i t  v , l inear  p o l a r  I ~at ion ,
p icosecond  t ime’ sca le , and q u i t e ’  high sped m l  bright ness
We show how the maximum source’ bri ghtness , w ithin It s narrow
linewitlth , is that of a b lackbeJ~’ at the t emperat cu t’ ‘1’ of
a metastable storage level .~~ Experimental resu l ts  show l tig
laser Induced emission at ‘9~ 

X and t~~~’ X fr u ~ a lIe g low
discharge’ are d e s c r i b e d . The use ~ f the ant i—Stok es  process
for direct , internal energy trans fer froi,i a storage ’ spec ies
to a target spec ies is iscussed .

In t hi s pa I~c r we’ d iscuss s ome of the pr ope r t ies o t a new t y pe of vac cium
ul t ra y b it’ t and so f t  x—ra I iglit source  L I  , . ‘ I . The source is based on s pon —

t aneous ant i—S t  okes scat te ring from atorni c popul ion which is elect  i’ it’al lv
store d in an appropriat e metas table level . The source has sevi ’ t a  I util (lut’
propert I es whIch inc itide : itarrow ii newt dth , tunabi lity, p icosecond ( lute
sca le operation, linear polarization, and re lat ive l y high pea k spe’dt ral
brightness. We vi 11 see’ shortl y that this peak spectral  bright ness con e s —
ponds to that of a b lackhodv at the temperature T of the’ storage level
A schematic of the ant i—S tokcs light source is shown In El g. I

Though ant i  —St  okes scat te r !  ng is usual lv described in t eruts of a spon-
taneous scat I e ’r in g  cross sect ion, it is better  for our purpose’ to des cr1 he’
it in  term s of a spontaneous  cml 88 ton rat i’ A~m’i induced by t he 1 aset - pump
f i e l d  E at f re q u e n cy  (t ~~, I ~ 1 . This spontaneous em iss ion r a t e ’  at the
vacuum r ay lo  let f r equency  ~t ’ may hi ’ wr i t  ten

hI
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The quantity A5i is the Einste in A coef f ic ien t  for spon t aneous emission
from level IS) to level 11 )  . The l ineshape gI, L’ - t i ~~~~~~~) is the con-
volution of the Dopp ler- or pressu re-br o adened ltn ew idth of the f i )  -

tr ansit i o n , and ‘ec ’ is - mVLIV
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~js.I Schematic and energy level di agra m for s poi lt *neenss ant i —

Stokc~ li ght source’ . A it si pper and lower si ele’hnnel Is obtained .

We see fr om (I that as the’ I as er pump lie Id hi’ ci~ues large’ • the *nt I —

St okes cmi,; si on rat e’ approaches t h e ’  Ri iist ci n Ceu’ I t t  ci e’nt A 
~ ~ 

; vhs i ~ti at
Ii xed ttsc II tat or st rength I , I neregse’ s as t he’ sq ua re iii t he’ VUV t i e ’ —

quenc y . The cross s ect ion for s~~int aneocts sc at  I. cr 1 ng is  ii ’ tat  eel t o  the
em issi o n rate ’ by e’51~ (m) f~ t~~ ~~ ‘ / I’ ‘A t , whet. ’ p/A is I hi’ in~ I dent 1 ssc .i
pow er density.
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The key to understaniding and opt i’~ii z i  ii ;’ liii ~. Ii ;~~t ~;ourc(’ is the two—
photon absorption which is c r e a t e d  at t he  uj t r avi nle t frequency 

~~~~~~~~~~ ~~
the presence of the laser pump frequency f l/

p 
. For the range of laser power

densities of interest here , both A (’i ) and the two-photon absorption cross
section a (m) increase linearly with laser power density, and are re lated
to each other in the same manner as are the emission and absorption coeffi-
cients for sing le-photon processes, i.e., ~r(’n) = (7rPc?/foP) A (’n)

The brightness of the light source, BQn) photons/(sec cm2 sterradian
cm ’

~’), is determined by the interp lay of the emissive and absorptive pro-
cesses, and for art infinitely long cylinder of outer radius r0 is given
by [1,?]:

1 (
B (m) = ~‘ 1 — exp [— o ( ’n )(N — N  )r I (2a)

7r’c exp (i~ 21/kT) 
- 1

______ V” I ‘2i~ il 
1l2j Pii \ -

= .~ ~~ I + J g ((i)_U), ) (2b )
‘J) + ‘J) / A0 i i VUV i VUV

i-i

(mks units). T is the temperature of the metastable level, i.e., N2/N1 =

cxp - (Th~~1/kT) ; ~~~~~~ 
are matrix elements ; ‘~u1 are the frequencies of the

intermediate states; and Ps/A is the power density of the pump laser .

In the (two-photon) optically thin case, i.e., a (w) (N 1 -N 2)r0 << 1
B (i~) increases linearly with the laser power density and is the same as ob-
tained from the usual spontane ous scattering cross section point of view .
As the laser power density is increased and the medium becomes nominally
two-photon opaque, i.e., a*n)(N1 -N2)r0 1 , the brightness approaches a
constant value equal to that of a blackbody radiar”r at the temperature T
of the tnetastable level . Once the two-photon opaque or blackbody regime is
attained on line center, the primary effect of a further increase in laser
power density, cylinder radius r~ , or ground state density N1 is to in-
crease the emission linewidth . The total number of emitted photons continues
to increase slowly, and the brightness remains constant .

Before proceeding further, we note that anti-Stokes scattering in the VUV
has been observed by BRXIJNLICH and LANBROPOIJLOS (h], and has been discussed
by ZERNIK [5] and VINDOCRADOV and YIJKOV (6].

~~perimental Results

In our first experiments (2] on this type of li ght source a slow discharge
was used to store population in the ?s1S level of He at (‘01 X 166,272 cm~~
(Fig. ;‘). The cw He glow discharge was produced in a ~m0 cm long quartz tube
with a cylindrical hollow cathode and pin anode at opposite ends . Typically,
the discharge current was l~~) mA and the pressure was about 1 torr. A 0.9 cm
long silt was cut through the sith’ wall of the ‘c mmii ID capillary and served
as an input slit for the VUV sp ’ctrom’ter. An active ly mode-locked Nd :YAC.
oscillator-amp lifier system produced a train of mode-locked pulses, each with
a pulse length of I- )) p8cc . A pproximatel y 1(1 ptl lS ( ’S occurred within the
half-power points of the train envelope . The laser was propagated down the
discharge capillary tube and focused to an area of about 3 x l0~~ cm? and a



~ 
-

confoca l paramet er b 5 cm parallel to the input slit.
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t empera ture  stay be si g n i f i c a n t l y lower;  t h e r e b y prob ab l y account ing  for the
factor  of th U in re la t ive br i gh t ne s s  ~bj d t  wi have ’ observed . The at tenu-
a t i o n  and sd f — r e v e r s a l  of Si ng le -ph o t on  r a d i a l  or s wh i cli r e su l t s  from cold
atoms , is a lso avoided in the t w o - p h o t o n  r a d i a t or .

(1) 

1.0 -- — -- _ _ _ _ _ _ __ _ _ _ _

cn 0.9 --
w
Z I.g Torr1— 0.8 - , ,

1 .3 ~orr
£

• O.9Torr
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~~~0.I
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POWER DENSIT Y , GW/Cm2

Fig. 5 Re la t i ve  in tegra ted  bri gh tne s s  at ~ t~~
) as a function of l .O t ’  l isa laser

peak powe r d e n s i t y .  The theoret ical  curve at each pressure was dete rmined by
numerically integrating (2); the magnitude was determined b y a least squares
fit to the experimental points at that pressure .

Flashlamp Applications

One of the uses of this type of li ght source may be as a flashlam p for short
wavelength lasers . To avoid the  inefficiencies of short wavelength optics,
it may be best to mix the target or lasing species directly with the lamp
species . For examp le, neutral potassium at a density of perhaps i~

1 1
atoms/cm 3 m i ght he mixed wi th He at a density of about iU ’° atoms/cm5. The
mixture  would then he heated e i the r  e l e c t r i c a l l y or by a CO~-~ laser beam .
At an appropr ia te  t ime , an In c i d en t  t unab le  laser pu lse  w ou ld  cause the
genera t ion  a1 spontaneous an t i -S tokes  rad ia t ion . This r ad i a t i on  would he
absorbed by the neu t ra l  p otass ium , and cause the p roduc t ion  of exc i t ed - s t a t e
K t . A s imp l i f i ed  ener gy level diag ram for  th is  typ e  of i n te r a c t i o n  is show n
in F ig .  I~ As shown here , the an t i -S tokes  soctrce would be tuned to an energy
of l’( ’,7’~ cm~~ so as to cause an in ner shell  t r a n s i t ion  from the 5p t’lc s level
to the 3p Slcs 1cd l eve l .  A second laser beam of energy greater than 28, ‘(so cm 1

would carry this excited electron into the continuum caus i ng the formation of
the excited 3p51ss K ’ ion.  By tun ing  the ant i -Stokes source to a discre te
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st a te .

— - -~~ — _______ ~~~~~~~~~~~~~~~~~ 
-



j i lt 0 t’UmCsI ate  s t  .tt e ii as sim e.~’ 1 ile ’ i c  , i i t .~ e ’ad ,~ I C un 1 I1e ~ i t  dl t e e .’ t lv i s it o

t he.’ cont i nutun ~t~ ; show n t’v t i l e ’ ~
. el i  ~l a t i  ~~ ~‘a C l ie l f t  Si Cit ’ C i t  ii g . ~‘ , it

shots 1 d he’ ~~OS si ble.’ to i L1c I e ’ .t s  e t i m e ’ I ,‘~~; S 5 t ’ C t i O f l  I e I ,tl’s~~t lit I t 1 1  t i E the.’ .1111 i
Stokes r a d i a t io n  by , th out  t ’ ~~ ’ ~‘idi t~~ o t  un,uc,n c t i s ~h’ . T h i s , in  tuc’ il , allows

opt’ t at  ion at a K d e’ us i t  v m u c h  1 ewe r ha it w ~‘im 1 d ot iso i’wi SO he pos i hi  e , and
usi t i ~.t I es , at l eas t  s OIUt ’~~ 5,L t , tite.’ pm 0b 1 em ~i t  t h e ’ I 0111,1 t I t ’ul  ~f grotsitd s t a t e ’
K’ forume~d by c o l l i s i on  w i tic t ret’ e I e ~ I i e ii i ’ •

We should note th.c t th e.’ one.’ rc~v re’qu i i-ed t o  c .tUs e’ 1,1 j ii,’ ~it t tho i-U i X
liSle’ ~-tf K

+ is quite’ small. The’ O,l l L ’tt l d t L ’Cl t~aj n  cee’ t t t c ’te ’ttt i s  ~. ‘ . l \ IU —
N cus~~~, where  S is the  de.’n s i t v  ef the potassiunt i o ns . A ~.ti~c 0~ e’~~~ i n  a
pa th  l e n g t h  ~ f I sa r e q u i r e s  an i on dens it v of ~ ~ 1 ~ 11 a t  ~mis ‘cm . Assutn i rig
a coufo~’a 1 vo lum e.’ of about 1 cm~ , t h i s  re’qu I re’s a n  e t i e .’ i~ ’,’, o t ,il’~ itt I ~iJ

Tim is e’nergv must be’ eiepos I ted in a time s hort cosupare’d to  t t i t ’ U . ulsee.’ spel t—

tat ie ’ous dee.’,iv t lute’ L~f rise K ion .

Be’ I ~
- it’ ~‘e i rig fur tiler we.’ sh OU Id note.’ t t’i at tilt’ te’ a i~ ’ C wo pt oh’ 1 e’mus ass o~’ i —

a te d  w i t h  t~ io K—l ie ’ combi nat ion 0f Fi g. ‘ . ii ’i t’ f i r s t  01 t ls~ S t ’ is time ’ torusa —
Lion o t ground s ta te . ’  K ions by aut 01 on ~a t I oil I rout t imo ~p ’’ ’ - s ‘d love’ I time ’
se’co nd and  p o s s i b l y snore’ se’Ve re  prob lem is t i le’ tortisat I en ~~t gr o un d  s t a t e ’ K
ions t~\ ho~ e lect ro ns in t u e  d is c i i ar ~ e.’ . I~tring the afterg low , t i m e ’ d e u t s i t v

‘ 

of the ’s~’ ions  ma\’ ra ;~i d i v  reduce’ by torina t ion  of He ’ ’
~~’ stmo lecuh’’~. b

There is an important advant  a~~e.’ to  the.’ I ntern,l I or ml xt ’el cciii t i e~itt’ dt j Olt

wit i cli, m~ a S c ’ r i S e .’, a l lo ws  t u e  h i  ackhod v l in t  i t a t  i o~ t I o he’ ov e’ r c osue’ to the.’
e,~t e n t  t h a t  the p r od u c t  of t u e  s i n g l e — p h ot on  absot’ p t  lOl l ~~i es’s se’e.’t ion and
d e n s it  v o f  tile.’ ta rget  s pe c ie ’s is m~re’ate.’r titan t ile.’ t w o — p itot en at ’sot ’pt ion
cross sei’t i  ~in and ~g r ocu n d 5 t a t e ~

’I dens it v i- t I  t he.’ st  o t , i ~~e ’ s I-t e ’ C’ ies . tile’ a n t i  —
Sto kes phot o r i s  w i l l  he. ’ a h s o t b e .’d by tile’ tar ge’t in s t  e’ ,lci ot r ’abs~-trh ie’~i h’t’ t h e ’
gene.’r.ut ing s pe.’c i Os . For appropi- i ate c ond it ions • the’ e’ I I c e . ’ t I t e ant i —s to k e’s
emiss  ion i- a t e .’ maw t i tc ’ii a p p r e .-ta c l t  t h a t  cit , I

We’ sh ould a iso brie’ l iv address t i le ’ quest ion ol e ’ I 1 e.’ i C I s c  v . A t  a e.ie’ I tin ing
of  l U’  cmn ~ front  t u e.’ .‘p re ’souau t e.’ e’ lil t’ ~~ lie’ th e’ e.’ l o ss  5t ’c t  1011 t e r  sp ou t anc’e.-tus
an t  i — S t  oh~’5 SC-a t  I e’r i ug  is C’ \ 1~’~~’ ‘ cm’ , atid \ ‘ar ies  ,ls t i le ’ 1 n\’ e’i’Se.’ square’ CiI
t ue .’ de.’tumt i ug frosts t h e ’ .‘p love 1 , As suming .llt (‘ X C ’ ~t e’d s t a t e ’ lie ’ dens  it v ot i~~l
atotu s /cm5 , a I ut p ath  l eng th , and a l low i ng  tot  t i te ’ enOr g\’  e.’o n v e’L ’s i o n  g a i n  of
a f a c t o r  of i

’- ’ , the’ r a t i o  ot a n t i  — S t o k e s  power gen era t ed  t o  l a s e r  power in-
c ident  is ai’ ”nt  ,‘~~

- . This  assumes t i ta t  t i m e  media  is ke’pt i,two—p hot oil ” opti—
ca l iv t i m in, or t ha t  equl  va lent iv , as di se.’us~ ed above’ • a l l  of l i m e . ’ ene’rgv is
absorbed by t h e ’ target $ pe ’e’ it ’s ; ,i itel that t ime ’ e. ’Xt’ i t  e ’d S I d l e ’ popus hit ion is not
de’p lt’ t t’CI

In cone lus i C’ i1~ t he ant I — S t  ekes ii gii C sent  ~
‘ i’ li.i p0t  Out ~i 1 t ci i’ pt’ odtic’ ing

radiation in t h e ’ \‘LIV aitti Sot I x — rJ\’ s p e c t ra l  reg ions w i l l s  uisanv I ase.’i’— l ike’
pr op er t  it’s . These’ j u t e.’ lude’ narrow ii newidt it , I isitab i I it  v . pi t’OSt ’C’C iilCi o

~
- t O t _

at ion, a rid ce -t ilt tel lab 1 e pol ~ir i ;‘ at I on . Th e’ s ource l1i,i\’ pi.ov ide a va luable’ t oo l
for s tud y I rig t h e’ S p(’t’ C (05  copy • f 1 uot’ e’s 0 e l m t v i e ’ id , &tnd .itmt o ion i.’ i ug i-at e’s o t
i n ner  Sit e.’1! tr .mns i t  i e.-tns . it s use as a pump for  VUV and s o il  x-  r a y  1 .lsers is
prom is tug.

l’he’ au thors  acknow led g ’  h e l p f u l  d i s c u s s i o n s  wi ~hi Rogc ’t’ F’a l e o n e ’ and  ,loitn
Wi 1 u sc-tn
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